Background: KRAS mutation status is a candidate marker for predicting survival in patients with metastatic colorectal cancer (mCRC) treated with cetuximab (CTX).
A recent advance in oncology is the targeting of the epidermal growth factor receptor (EGFR) in the treatment of many tumor types. Cetuximab (CTX) (ErbituxÒ, Merck KGaA, Darmstadt, Germany) is a chimeric immunoglobulin G1 monoclonal antibody which binds the EGFR with high affinity and competitively inhibits ligand binding [1] . This prevents activation of downstream signalling pathways such as the PI3K/ Akt, RAS/Erk and STAT pathways, resulting in the inhibition of cellular proliferation and in the induction of apoptosis. However, for many tumor types including metastatic colorectal cancer (mCRC), it is not clear what proportion of tumors are dependent on EGFR signalling for their survival, nor how additional molecular alterations present in the tumor may influence primary or secondary resistance to EGFR inhibitors. CTX is approved for irinotecan-resistant mCRC expressing EGFR by immunohistochemistry (IHC). Response rates in this group however only amount to 23% in combination with chemotherapy and about 10% in monotherapy [2, 3] . Increased response rates in the combination arm did not translate into increased survival. As yet no clinical or molecular markers are available to identify those patients with a longer overall survival (OS). Predictive markers of response and survival benefit after CTX are urgently required to allow the rational and effective use of these drugs.
In a small series, Lièvre et al. [4] have shown objective response (OR) to CTX to be excluded in KRAS-mutated CRC and most importantly, showed an increase in OS for the KRAS wild-type (WT) patients. We retrospectively studied the ability of KRAS mutations and tumor regression on computerized tomography (CT) to predict OR, progression-free survival (PFS) and OS benefit in a large series of mCRC patients treated with CTX.
patients and methods patient characteristics
We included 113 irinotecan refractory mCRC patients with positive IHC for EGFR derived from four clinical trials (EVEREST, BOND, SALVAGE and BABEL) from four Belgian centers [2, 5, 6] (Appendix 1; Table 1 and Table 2 , the latter being available online). Patients were included according to availability of formalin-fixed paraffin-embedded (FFPE) tumor tissue. This retrospective study was carried out after approval of the Ethics Review Board.
DNA extraction and mutation analysis
Tumor DNA was extracted from FFPE sections after macrodissection. The presence of KRAS and BRAF mutations was determined by an allelic discrimination assay on a 7500HT Real Time PCR System (Applied Biosystems, Foster City, CA). KRAS mutations located within the codon 12 (n = 6) and 13 (n = 1) and the BRAF mutation at codon 600 were screened for. All mutations were confirmed by direct sequencing. Probes and conditions were developed together with P. Laurent-Puig and are available upon request [4] .
evaluation of OR, PFS and OS
Tumor response was evaluated by CT every 6 weeks until week 24, 30 or 36 and from then on every 12 weeks. Response Evaluation Criteria in Solid Tumors (RECIST) were used to classify tumor response in complete response (CR), partial response (PR), stable disease (SD) and progressive disease (PD) [7] . PFS was calculated from start of CTX to either progression of disease, death from any cause or last radiological assessment. OS was defined as the period from start of CTX until death. 
patient characteristics
The baseline and treatment characteristics of the patients are represented in Table 1 . There was no imbalance between patients with and without a KRAS mutation.
mutations KRAS mutations were detected in 46 of 113 (40.7%) tumors (Table 2 , available online). The BRAF V600E mutation was found in 6 (5.6%) of 107 assessable patients. No patient had tumors carrying both BRAF and KRAS mutations (Fisher's exact test, P = 0.050) ( Table 2 , available online).
mutation status versus OR
In five patients, OR could not be assessed due to dropout before first evaluation. OR (CR + PR) was observed exclusively in the KRAS WT group. KRAS mutations were absent in the 27 OR patients and found in 42 of 81 (51.9%) in nonresponders (SD + PD) (Fisher's exact test, P = 0.0000001). In SD and PD, KRAS mutations were present in 31 of 59 (52.5%) and 11 of 22 (50.0%) cases, respectively. OR rate was 27 of 66 (41%) in KRAS WT versus 0 of 42 (0%) in KRAS mutants (Table 3 ). The impact of the KRAS mutation state on OR rate was found both in the combination and the monotherapy group (Fisher's exact test: combination therapy, P = 0.000001; monotherapy, P = 0.126).
The OR rate was not significantly different in BRAF mutants (1 of 6 (16.6%)) versus WT (26 of 98 (26.5%)) (Fisher's exact test, P = 1).
survival analysis
In univariate analysis, the median PFS was different between KRAS WT and mutants but did not reach statistical significance in the whole study population {24 weeks Table 4 , available online).
changes in tumor size
All patients had to have documented radiological progression before starting CTX. For 102 patients, tumor measurements were available at baseline and at least at the first evaluation at We carried out a sensitivity analysis to identify the best cut-off, to use the first radiological measurement at 6 weeks as a predictor variable for PFS and OS. OR patients had a median survival of 80.36 weeks (95% CI 64.5-108.63). We used the lower limit of the 95% CI of the OS to categorize the state variable and generated a Receiver Operating Characteristics (ROC) curve testing the relative decrease of the tumor size at 6 weeks. The area under the ROC curve was 0.813 (95% CI 0.725-0.901). Cut-off value 29.66% generated the optimal combination of sensitivity (75%) and specificity (74%). There is a clear association between KRAS mutation status and relative decrease of tumor size >9.66% at week 6 (Fisher's exact test, P = 0.0000095) ( Table 5 , available online).
We found a significant difference in median PFS and OS between patients with or without relative decrease of tumor size >9.66% at week 6 [median PFS: 36 weeks (95% CI 34.6-37.4) in early responders versus 12 weeks (95% CI 10.0-14.0) in early nonresponders (log-rank test, P = 0.0000011); median OS: 65.9 weeks (95% CI 41.3-90.4)] in early responders versus 31.3 weeks (95% CI 22.9-39.7) in early nonresponders (log-rank test, P = 0.000014)].
predictors of OR
In the logistic regression analysis, using age, sex, KRAS mutation status, skin toxicity, the number of previous lines of chemotherapy and treatment regimen as covariates, we found KRAS status (hazard ratio unavailable because constant in responders) and skin toxicity [hazard ratio (per increase in one grade): 2.35 (95% CI 0.93-5.93; P = 0.070)] being predictive of OR.
predictors of survival
A Cox regression analysis looked at the independent factors (age, sex, KRAS mutation status, skin toxicity, the number of When the Cox regression analyses were carried out replacing KRAS mutation status with relative decrease of tumor size >9.66% at week 6, we found PFS being determined by skin toxicity [hazard ratio (per increase in one grade): 0.690 (95% CI 0.480-0.993); (P = 0.046) and by relative decrease of tumor size >9.66% at week 6 (hazard ratio: 2.392 (95% CI 1.530-3.740); (P = 0.00013) and OS by the same variables (hazard ratios: 0.594 (95% CI 0.416-0.849); (P = 0.004) and 2.391 (95% CI 1.540-3.712); (P = 0.00073), respectively]. A model combining KRAS mutation status and early radiological response, together with all the other clinical variables, was not possible to elaborate due to important interaction between both variables.
interaction between KRAS mutation status and early radiological changes in predicting outcome
We analyzed the interaction of KRAS and early radiological response on tumor behavior. For each patient the smallest tumor size and the tumor size at progression were plotted against their time of occurrence (Figure 4 ). Patients were grouped according to their KRAS and early radiological response status. In patients with early radiological response, we observed that only KRAS WT patients (Figure 4 panel A versus C) showed further decrease in tumor size beyond 6 weeks and achieved the largest tumor size reductions. In addition, these are the patients that show delayed occurrence of progression. Within the KRAS WT patients, only those patients with an early radiological response (Figure 4 panel A versus B) continued to decrease over time and had delayed time to progression. In patients without regression at week 6, no subsequent tumor reduction or delayed occurrence of progression was observed even in KRAS WT patients. Lastly, in rare KRAS mutant patients delayed time to progression was observed, which was not associated to a tumor reduction.
The interaction of KRAS and early radiological response was also analyzed on the OS. In KRAS WT patients OS was significantly better in patients with an initial decrease compared with those without [median OS: 74.9 weeks (95% CI 55.8-93.9) versus 30.6 weeks (95% CI 19.7-41.5) (log-rank test: P = 0.00000012)]. In contrast, in KRAS mutant patients, OS is similar, whether initial tumor decrease is observed or not [median OS: 17.6 weeks (95% CI 15.7-19.4) versus 32 weeks (95% CI 13.4-50.6) (log-rank test, P = 0.664)] ( Figure 5 ). When comparing OS of patients with KRAS WT status and early tumor size reduction to all others we found a profound survival benefit [median OS: 74.9 weeks (95% CI 55.8-93.9) versus 30.6 weeks (95% CI 22.5-38.7) (log-rank test:
The KRAS mutation state of the tumor has been proposed as a promising marker of response to CTX in mCRC [4] . In the setting of irinotecan refractory patients we confirm the clear relationship between KRAS WT state and OR, and demonstrate that KRAS WT is a strong predictor of a significant increase in PFS and OS in these patients.
The ideal biomarker should identify responders and patients with improved survival with high sensitivity and specificity. However, the KRAS status of a tumor may still fall short in this respect, as not all WT patients respond or have improved survival and some mutant patients experience long-term disease control.
Despite the encouraging hazard ratios for survival (0.62) seen in KRAS WT patients as a group, half of these patients will not benefit. In an attempt to further stratify these patients we looked at the additional predictive value of early tumor size reduction on survival. The time point of 6 weeks, at first evaluation, was chosen to avoid selection bias due to dropouts for progression. The early tumor size reduction was shown to original article Annals of Oncology be a strong predictor of survival in a Cox regression analysis (hazard ratio: 0.42). There was a correlation between early tumor size reduction and the KRAS mutation status. Both parameters in conjunction were found to predict tumor behavior at later time points. This is demonstrated by the observation that early tumor size reduction will only translate in longlasting and more profound tumor control in KRAS WT patients and only KRAS WT patients with initial tumor decrease will have further and sustained tumor reduction. This translates into survival benefit as shown by the Kaplan-Meier analysis where only KRAS WT patients with an early tumor size reduction had a significantly improved survival. We attempted to build a Cox regression model for predicting survival, including all the clinical variables, KRAS mutation status and early tumor size reduction. The magnitude of the interaction between the KRAS mutation status and early tumor size reduction precluded reliable modeling.
Skin toxicity, a well-known predictor of response, was one of the predictor variables in our models. It was found to impact independently on all outcome parameters: OR, PFS and OS. In univariate log-rank analysis, we found a trend for an impact of skin toxicity on PFS and OS, only in patients with KRAS WT status and early radiological response (data not shown). We would like to point out that skin toxicity remains a difficult parameter to use as a response predictor in general, because of the lack of appropriate toxicity criteria specifically tailored to the effect of EGFR inhibitors. Also, the time point at which the skin toxicity should be graded to maximally reflect its predictive value has not been determined. These issues need to be specifically addressed in the future.
Selecting patients with both KRAS WT status and early tumor size reduction identifies a subgroup with a median OS of 74.9 weeks in comparison to 38.7 weeks for the whole study population or 43.0 weeks for all KRAS WT patients. If the end point were to identify patients surviving longer than 64.5 weeks, our combined parameters would yield a positive predictive value of 57% and a negative predictive value of 88%. The false-positive patients however, still had a clinically relevant survival comparable to that of the whole KRAS WT group (median 43 weeks). The false-negative patients (8) consisted of one WT patient with an initial tumor size decrease of 9.63% whereas the cut-off was set at 9.66% and seven mutant patients. These patients, as shown in panel D of Figure 4 , are characterized by the absence of tumor decrease and a long time to progression and OS. This suggests that in KRAS mutant tumors some of the proliferation may still be driven by EGFR signalling and inhibition will result in tumor stabilization. This idea was reinforced when we studied tumor growth rates in KRAS mutant patients before and following initiation of CTX treatment. A clear decrease in tumor growth rates was observed (data not shown). This suggests there may be a subgroup of KRAS mutant patients who may benefit from long-term disease stabilization upon CTX treatment. Lastly, there has been a report on two KRAS mutant patients with an OR on CTX [9, 10] . In our own series, we identified some KRAS mutant patients with tumor shrinkage approaching the 30% cut-off ( Figure 3 ). The mutual exclusion of KRAS mutations and OR may therefore not stand in larger patient sets, however, we found that those KRAS mutant patients who had tumor size decrease had no increased survival ( Figure 4C and D).
To be considered for clinical use the molecular and radiological markers presented will need prospective validation. Our model necessitates the combination of a molecular marker and an early response marker that can only be assessed after 6 weeks of treatment. This is not common practice. However, there are clinical scenarios in which our data could already be put to use. In those patients where no tumor material is available, or determination of KRAS status is not feasible, we have shown that early response at 6 weeks is independently associated to longer survival. Alternatively, KRAS status alone could be used to select those patients in which to initiate treatment, but a stopping rule depending on the response at 6 weeks could be introduced. It is our opinion however that in the current paucity of therapeutic options after failing irinotecan-or oxaliplatin-based regimens, the median OS seen in KRAS mutants may be considered clinically relevant. This may represent the biggest barrier to clinical implementation.
We show that the KRAS mutation state impacts significantly on three fundamental aspects of the mCRC treated with CTX: tumor decrease, PFS and OS. Our series consisted mostly of combination therapy patients and no valid conclusions could be drawn for the monotherapy patients due to the small sample size. Kathamba-Ford et al. [11] , focussing solely on 80 monotherapy patients, showed a significant association between the KRAS status with both OR and PFS. However, in addition, our series shows the significant association between KRAS status and better OS. A similar trend observed in a smaller series of patients (n = 81) was recently presented [12] . Improved response rates do not always correlate with survival [13] . In our series, the correlation between PFS and OS was good both in the KRAS WT and mutant patients (data not shown), suggesting all the OS benefit derived from the response to therapy. Another recent paper, also found a significant difference in time to progression according to KRAS mutation status in 59 patients [14] .
Purely prognostic effects of the KRAS status cannot be excluded without a randomized trial [15] . In two studies of resected liver metastasis no prognostic effect of the KRAS mutations status could be demonstrated nor was there a proliferative advantage for KRAS mutant over WT metastases [16, 17] . A strong prognostic effect of KRAS in mCRC is unlikely, as the RASCAL study could only demonstrate a significant prognostic effect of KRAS in Dukes' C but not Dukes' D patients [18] .
In the current models, KRAS is regarded as the main effector of the EGFR signalling cascade and may represent a bottleneck in the signalling pathway. Mutations of KRAS will constitutively activate the pathway and render it resistant to upstream inhibitors. If this model holds true, KRAS mutations may be negative predictors of response even in the presence of supra-normal upstream activation such as seen with EGFR amplifications or increased ligand expression [11] . In conclusion, patients characterized by the WT state and initial tumor regression tumor represent a subgroup with the largest survival benefit. The challenge lies in identifying the molecular markers that type these subgroups, so they can be identified early on in the therapeutic approach. In this regard, the recently published data [11] on high EGFR ligand expression in tumors responding to CTX is promising. We believe our work and that of others represent significant steps towards the optimal use of EGFR-targeting therapies. 
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Centers having provided tumor samples and patient data: University Hospital Gasthuisberg, Leuven, Belgium; Ghent University Hospital, Ghent, Belgium; Cliniques universitaires St-Luc, Brussels, Belgium; Hô pital Erasme, Brussels, Belgium.
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